Introduction
============

Bergmann glial cells are unipolar astrocytes that extend long processes crossing the molecular layer of the cerebellum, forming intimate structural relationships with Purkinje cell dendrites (Grosche et al., [@B20]; Yamada and Watanabe, [@B64]). In the molecular layer, synapses on Purkinje cells formed with glutamatergic excitatory axons parallel fibers and climbing fibers are essentially enclosed by the Bergmann glial sheath (Palay and Chan-Palay, [@B45]; Spacek, [@B53]). Mature Bergmann glial cells exhibit extensive gap junctional coupling between their processes (Clark and Barbour, [@B12]; Müller et al., [@B42]). Gap junctional coupling enables astrocytes to form a functional syncytium (Mugnaini, [@B41]) that is possibly involved in ionic and metabolic homeostasis, electrical coupling, and intercellular signaling based on studies in cultured cells and *in situ* (Ransom and Ye, [@B47]). Although the presence of a selective glial cell circuit in the cerebellum has been proposed in which Bergmann glial cells are coupled to each other along the parasagittal, but not transverse, plane (Müller et al., [@B42]), the functional significance of Bergmann glial gap junctional coupling has not been studied either *in vitro* or *in vivo*.

Bergmann glial cells respond to the activity of parallel fibers and climbing fibers by activation of AMPA receptor-mediated currents and glutamate transport currents (Bergles et al., [@B6]; Clark and Barbour, [@B12]). It has been reported that Bergmann glial cells increase intercellular Ca^2+^ concentrations in small components of processes called "glial microdomains" in response to parallel fiber stimulation (Grosche et al., [@B21], [@B20]). In the reverse direction, Bergmann glial glutamate transporters modulate synaptic transmission of parallel and climbing fiber synapses formed with Purkinje cells by regulating glutamate uptake (Bordey and Sontheimer, [@B8]; Huang and Bordey, [@B24]; Rothstein et al., [@B50]; Sutherland et al., [@B54]). Iino et al. ([@B27]) demonstrated a functional interaction between Bergmann glial Ca^2+^ signaling and glutamate uptake in that AMPA receptor-mediated Bergmann glial Ca^2+^ signaling is essential for maintaining the proper structure of the glial processes to enclose synapses for glutamate uptake. Activation of AMPA receptors leads to a decrease in electrical coupling between Bergmann glial cells, which is most likely mediated by Ca^2+^ influx via the AMPA receptors (Müller et al., [@B42]), resulting in the isolation of a responding microdomain from the Bergmann glial syncytium (Kettenmann and Schipke, [@B32]). It has been also reported that Bergmann glial gap junctions are permeable to glutamate (Goldberg et al., [@B19]; Hansson et al., [@B23]; Weber et al., [@B61]). These lines of evidence suggest that modification of Bergmann glial gap junctions are involved in Purkinje cell-Bergmann glia interactions via the regulation of glutamate uptake and/or other mechanisms.

Connexin43 (Cx43) is the major constituent of gap junctions in astrocytes and abundantly expressed throughout the brain (Giaume and McCarthy, [@B18]), including Bergmann glial cells (Nagy et al., [@B43]). The function of Cx43 in the brain has been studied using the conditional knockout (CKO) approach (Theis et al., [@B57]; Wiencken-Barger et al., [@B62]) to circumvent the early postnatal lethality of *Cx43* global KO mice due to heart malfunction (Reaume et al., [@B48]). Previous studies using *Cx43* CKO mice with a *Cre* transgenic line under the promoter of human glial fibrillary acidic protein (*Cx43^fl/fl^*:*hGFAP-Cre*) revealed the involvement of astrocytic gap junctional coupling in spreading depression (Theis et al., [@B57]) and potassium buffering (Wallraff et al., [@B60]) in the hippocampus, and in Ca^2+^ wave propagation in the cerebral cortex (Haas et al., [@B22]). In the cerebellum, the findings in a recent study of independently generated *Cx43* CKO mice with another *hGFAP-Cre* transgenic line suggest a functional contribution of Cx43 in Bergmann glial cells during cerebellar development under a certain genetic background and with low penetrance (Wiencken-Barger et al., [@B62]). The role of Cx43 and Cx43-mediated gap junctions between Bergmann glial cells in the adult cerebellum, however, remains to be determined.

To study the requirement of Cx43-mediated gap junctional coupling between Bergmann glial cells in cerebellar functions, we generated *Cx43* CKO mice with an *S100b-Cre* transgenic line (*Cx43^fl/fl^*:*S100b-Cre*), which exhibited a significant loss of Cx43 in Bergmann glial cells and astrocytes in the cerebellum with a postnatal onset. Analyses of *Cx43^fl/fl^*:*S100b-Cre* mice showed that gap junctional coupling between Bergmann glial cells measured by spreading of microinjected Lucifer yellow was virtually abolished, and revealed that lack of Cx43-mediated gap junctional communication between Bergmann glial cells does not affect basic parallel fiber-Purkinje cell (PF-PC) synaptic transmission, induction or maintenance of cerebellar long-term depression (LTD), or cerebellum-dependent motor coordination and motor learning.

Materials and Methods
=====================

Generation of *S100b-Cre* transgenic mice
-----------------------------------------

All experimental protocols were approved by the RIKEN Institutional Animal Care and Use Committee. A genomic clone of the murine *S100b* gene was isolated from the 129/sv genomic DNA library (Stratagene, La Jolla, CA). An 11.7-kb *S100b* promoter-containing sequence (−5387/+6357) was subcloned into a pBluescriptII vector (Stratagene) and the nls-Cre-poly (A) cassette was inserted into a *SmaI* site located immediately 5′ to the translation initiation site. The *S100b-Cre* transgene was excised by double *Sal*I/*Hin*dIII digestion, electrophoresed on agarose, and extraction-purified with a QIAquick Gel extraction Kit (QIAGEN). Microinjection of the *S100b-Cre* fragment (2.5 ng/μl) into the pronuclei of C57BL/6-fertilized embryos generated six transgenic lines. Transgenic mice were genotyped by polymerase chain reaction with a forward primer (5′-GAAGGTGTCCAATTTACTGACC-3′) and a reverse primer (5′-ACGATGAAGCATGTTTAGCTGG-3′) to detect a 304-bp sequence present in the *Cre* coding region.

Cre-mediated DNA recombination was investigated by crossing these transgenic lines with the Cre reporter strains *CAG-CAT-Z* (Sakai and Miyazaki, [@B51]) or *Cx43^fl^* (Theis et al., [@B56]). *CAG-*Δ*-Z* (Iwasato et al., [@B28], [@B29]) or *Cx43^del^* (Theis et al., [@B56]) mice were used as positive controls.

Whole mount β-galactosidase (lacZ) staining of the brain
--------------------------------------------------------

Mice were deeply anesthetized with halothane and subjected to cervical dislocation. Brains were excised immediately, cut parasagittally with a scalpel blade, and fixed in 0.2% glutaraldehyde, 2 mM MgCl~2~, and 5 mM EGTA in phosphate buffered saline (PBS) on ice for 20 min. They were then washed in PBS on ice for 5 min and stained in 1 mg/ml X-gal, 5 mM K~3~Fe(CN)~6~, 5 mM K~4~Fe(CN)~6~, 0.02% NP-40, 0.01% deoxycholate, and 2 mM MgCl~2~ in PBS at 37°C overnight. LacZ-stained brains were then washed in PBS and maintained at 4°C prior to photographing.

Immunohistochemistry
--------------------

Mice were deeply anesthetized with tribromoethanol (avertin) and fixed with 4% paraformaldehyde in PBS for 10 min via transcardial perfusion at 4°C. The brains were excised, bisected sagittally with a scalpel blade, and postfixed with the same fixative overnight at 4°C. They were then processed through a graded series of sucrose concentrations ranging from 15% to 30% in PBS at 4°C for 5 to 12 h for each step, and then embedded in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan) and frozen on dry ice. Frozen sections were cut at 30 μm using the MicromHM500 OM (Germany) cryostat. The sections were washed with PBS containing 0.1% Triton X-100 (PBST) and incubated with 10% goat serum to block non-specific reactions. Subsequently, the sections were incubated overnight at 4°C with the primary antibodies: rabbit polyclonal antibodies specific for β-galactosidase (1:10000; ICN Pharmaceuticals, Costa Mesa, CA), Cx30 (1:400; Zymed, South San Francisco, CA), GFAP (1:200; Dako, Denmark), and mouse monoclonal antibodies directed to S100B (1:200; Sigma, St. Louis, MO), NeuN (1:100; Chemicon International, Temecula, CA), Cx43 (1:400; Chemicon International), and calbindin-D (1:400, Sigma). After washing in PBST, the sections were incubated for 1 h at room temperature with goat Alexa dye-conjugated secondary antibodies (1:1000; Molecular Probes, Eugene, OR). After washing in PBST, the sections were mounted with IMMU-MOUNT (Thermo, Pittsburgh, PA) and analyzed using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany) equipped with a cooled CCD camera (Prinston Instruments, Trenton, NJ) and MetaMorph software (Universal Imaging Co., Downingtown, PA).

Generation of *Cx43^fl/fl^:S100b-Cre* mice
------------------------------------------

*Cx43* CKO mice were obtained by interbreeding *Cx43^fl^* mice (Theis et al., [@B56]) (backcrossed onto the C57BL/6 background at least 3 times) with *S100b-Cre* transgenic mice on a C57BL/6 background. Breeding pairs for generating experimental groups were: *Cx43^fl/fl^* or *Cx43^fl/^*^+^ × *Cx43^fl/^*^+^:*S100b-Cre*.

Western blotting
----------------

The brains were homogenized in a PRO-PREP™ protein extraction solution (iNtRON Biotechnology, Gyeonggi-do, Korea), and clarified by centrifugation. Protein concentration was determined using a PRO-MEASURE protein measurement solution (iNtRON Biotechnology) and 30 μg of proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted onto a polyvinylidene difluoride membrane. The membranes were incubated with rabbit polyclonal antibodies directed to Cx43 (1:2000; Sigma) and mouse monoclonal antibodies directed to Cx30 (1:500; Zymed). The ECL-Plus detection system (GE Healthcare, Buckinghamshire, UK) was used to detect immunoreactive proteins. Band densities were quantified using ImageJ software (Abramoff et al., [@B1]).

Nissl stain
-----------

To examine the cerebellar cytoarchitecture, frozen sections of the brain were prepared as described above and stained with cresyl violet.

Dye coupling assay and electrophysiology assay
----------------------------------------------

Cerebellar slices were prepared from *Cx43^fl/^*^+^, *Cx43^fl/fl^*, and *Cx43^fl/fl^*:*S100b-Cre* mice (3.5 month old) for dye coupling assay, and *Cx43^fl/^*^+^ (P27-42) and *Cx43^fl/fl^*:*S100b-Cre* (P26-43) mice for electrophysiologic assay. Mice were anesthetized and decapitated, and the cerebellar vermis was placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (mM): NaCl 125, KCl 2.5, NaH~2~PO~4~ 1.25, NaHCO~3~ 26, MgSO~4~ 1, CaCl~2~ 2, and D-glucose 10, saturated with 95% O~2~ to 5% CO~2~. Osmotic pressure of the ACSF was 314 ± 6 mOsm. Sagittal slices (300 μm) were prepared in ice-cold ACSF containing 1 μM TTX using a microslicer (Dosaka EM, Kyoto, Japan) and stored in ACSF for at least 1 h at room temperature (23--26°C). For dye-injection and electrophysiologic recording, each cerebellar slice was placed in a chamber (1.5 ml) that was perfused with ACSF (2 ml/min) maintained at 30.5 ± 0.5°C. For LTD experiments, picrotoxin (0.1 mM) was added to the ACSF. Patch-pipettes (6--8 MΩ for dye-injection, 3--5 MΩ for LTD-induction) were filled with an intracellular solution containing (mM): K-gluconate 110, KCl 30, HEPES 10, EGTA 0.3, MgCl~2~ 4, Na~2~ATP 2, Na~3~GTP 0.3 (pH 7.3 adjusted by KOH) for dye-injection, CsCl 60, D-gluconate 40, TEA-Cl 20, HEPES 30, EGTA 1, MgCl~2~ 4, Na~2~ATP 4, Na~3~GTP 0.4 (pH 7.2 adjusted by CsOH) for LTD induction experiments. The osmotic pressure of the intracellular solution was 280 ± 5 mOsm.

To verify dye coupling between Bergmann glial cells, Lucifer yellow (0.2%) was injected through a whole-cell patch-pipette. After establishing the whole-cell configuration, the membrane potential was held at −120 mV for 30 min using a patch-clamp amplifier (Multiclamp 700A, Molecular Devices, Foster City, CA). Lucifer yellow signals were visualized using a confocal scanner system (CSU22, Yokogawa, Tokyo, Japan) set on an upright microscope (ECLIPSE E600FN, Nikon, Tokyo, Japan) with a 40× water-immersion objective lens and CCD-camera (C4742-98, HAMAMATSU, Hamamatsu, Japan). Image data were obtained with 15 consecutive focal planes (1 μm distance) using Aqua Cosmos software (HAMAMATSU).

Whole-cell slice-patch recordings (Edwards et al., [@B14]; Llano et al., [@B36]) of Purkinje cells were obtained from the somata. Stimulation and on-line data acquisition were performed using pClamp 9 software (Molecular Devices). To induce LTD, parallel fiber stimulation and depolarizing pulses were conjunctively applied at 1 Hz for 5 min (Koekkoek et al., [@B33]). Access resistance was constantly monitored by applying a small hyperpolarizing voltage step (2 mV), and when it changed by more than 10% of the initial values, the data were excluded from the analysis. Data are expressed as mean ± SEM. Statistical comparisons were performed using Student\'s *t*-test. All experiments were conducted and analyzed blindly with respect to the genotype.

Rotarod test
------------

Motor function was tested using an accelerating rotarod device (6--40 rpm. Rota-Rod 7650; Ugo Basile, Comerio, Italy), consisting of a 3-cm-diameter cylinder with knurls. The mice were placed on a cylinder turning at a constant rotation (6 rpm), and then the rotation was accelerated to 40 rpm over a 5-min period. The time until the mouse fell was recorded, with 300 s as the maximum. Each mouse was given 1 trial per day for 5 consecutive days.

Eyeblink conditioning
---------------------

The delay eyeblink conditioning in mice was performed as previously described (Park et al., [@B46]; Shibuki et al., [@B52]). Briefly, male *Cx43^fl/^*^+^ and *Cx43^fl/fl^*:*S100b-Cre* mice (3--3.5 month old) were deeply anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (25 mg/kg, i.p.), and four teflon-coated stainless steel wires were subcutaneously implanted on the left upper eyelid. The wire tips were exposed and two of them were used to record differential electromyographs from the eyelid muscle and the other two were used to deliver a periorbital shock. A four-pin headstage to which the wires were attached was fixed to the skull by two screws and dental cement. After surgery, the mice were housed individually.

Three days after surgery, the animals were trained in the eyeblink conditioning task: 2 days habituation, 7 days conditioned stimulus (CS)-unconditioned stimulus (US) paired training, 4 days CS-only extinction training, and 2 days relearning training. In the paired and relearning training, a 352-ms tone CS (1 kHz, 83--85 dB) and a 100-ms periorbital shock US (100-kHz square pulses) were given with a 252-ms interstimulus interval.

The eyeblink electromyographic data were stored and analyzed using a custom-made program. The conditioned response (CR) was determined for all trials in which the myographic activity was stable. CR% was defined as the ratio of the number of CR to the number of valid trials.

Results
=======

Generation and characterization of *S100b-Cre* transgenic mice
--------------------------------------------------------------

To induce astrocyte-specific gene modifications, we generated transgenic mice in which Cre expression was under the control of the mouse *S100b* promoter (Figure [1](#F1){ref-type="fig"}). We inserted a cDNA encoding Cre recombinase into 11.7 kb of a mouse *S100b* genomic sequence, thereby replacing the translation initiation site. The transgene included promoter regions reported to be sufficient to reproduce the endogenous expression pattern of *S100b* in the brain of transgenic mice (Reeves et al., [@B49]; Vives et al., [@B59]).

![**Structure of the mouse *S100b* gene and *S100b-Cre* transgenic construct**. Boxed regions represent exons I-III of the mouse S100b gene. The black part indicates the protein coding region. The transgene consists of the −5.4 kb to +6.3 kb S100b genomic sequence with insertion of a cDNA encoding Cre recombinase with nuclear localization and poly-A signals (nls-Cre-pA).](fnbeh-02-001-g001){#F1}

We used pronuclear injection to obtain six *S100b-Cre* transgenic lines, which were analyzed for Cre-mediated DNA recombination by crossing with a general Cre reporter mouse strain, *CAG-CAT-Z* (Sakai and Miyazaki, [@B51]). Four lines showed similar recombination patterns in the adult brain as represented by one of the lines, Tg20 (Figure [2](#F2){ref-type="fig"}A), in which we observed Cre-mediated recombination in several brain regions including the cerebral cortex, hippocampus, cerebellum, and brainstem. We selected the Tg20 line (designated hereafter as *S100b-Cre*) for further analysis for the following reasons: (i) the Tg20 line showed no recombination in the heart (data not shown), which was critical to avoid perinatal lethality of *Cx43* deficient mice caused by heart malformation (Reaume et al., [@B48]), (ii) the Tg20 line showed the least amount of recombination in other organs compared to other lines (no recombination in the lung, kidney, spleen, skeletal muscle, and blood vessel and partial recombination in the skin and liver; data not shown).

![***S100b-Cre*-mediated recombination in the adult brain (2 month old)**. Cre-mediated recombination was assayed by whole mount β-galactosidase (lacZ) staining of parasagittal brain slices from CAG-CAT-Z:S100b-Cre ***(A)*** and Cx43^fl/+^:S100b-Cre ***(B)*** mice. CAG-Δ-Z (Iwasato et al., [@B28], [@B29]) ***(A)*** and Cx43^del/+^ (Theis et al., [@B56]) ***(B)*** mice served as positive controls. Note that β-galactosidase is localized in the cytoplasm in ***(A)*** and in the nucleus in ***(B)***. There were no lacZ-positive cells observed in CAG-CAT-Z or Cx43^fl/+^ mice (data not shown). ***(A)*** In CAG-CAT-Z:S100b-Cre mice, cells with weak and/or unclear lacZ staining were observed in the cerebral cortex, hippocampal CA1-CA3 region, cerebellum, and brainstem. Relatively strong lacZ staining was observed in the hippocampal dentate gyrus. In the cerebral cortex of CAG-CAT-Z:S100b-Cre mice, intensive lacZ staining forming a layer-like pattern was found (arrows). In the cerebellum, lacZ staining was observed in the Purkinje cell layer, granule cell layer, white matter, and deep cerebellar nucleus. ***(B)*** LacZ staining of Cx43^fl/+^:S100b-Cre mice was the most intensive in the cerebellum as compared to positive controls. In the cerebellum, lacZ-positive cells were observed in Purkinje cell layer, granule cell layer, white matter, and deep cerebellar nucleus, consistent with the lacZ staining pattern observed in CAG-CAT-Z:S100b-Cre mice ***(A)***. LacZ-positive cells were also observed with less frequency in the cerebral cortex, hippocampus, and brainstem. Scale bar, 1 mm.](fnbeh-02-001-g002){#F2}

In the cerebral cortex of *CAG-CAT-Z*:*S100b-Cre* mice (2 month old, *n* = 3), we found cells with weak and/or unclear lacZ staining (Figure [2](#F2){ref-type="fig"}A), and cells with intensive lacZ staining forming a layer-like pattern (Figure [2](#F2){ref-type="fig"}A, arrows). In the hippocampus, we observed weak and/or unclear lacZ staining in the CA1-CA3 region and relatively strong lacZ staining in the dentate gyrus (Figure [2](#F2){ref-type="fig"}A). In the cerebellum, lacZ-positive cells were present in the Purkinje cell layer, granule cell layer, white matter, and deep cerebellar nuclei (Figure [2](#F2){ref-type="fig"}A).

To further characterize the *S100b-Cre* mice for specificity and efficiency of recombination in the Cx43-positive astrocytes in the adult brain, we crossed them with the *Cx43^fl^* mice, which express β-galactosidase with a nuclear localization signal under control of the *Cx43* promoter upon Cre-mediated recombination (Theis et al., [@B56]). Because the Cre-mediated recombination causes deletion of the *Cx43* coding region, the lacZ-positive populations also represent cells devoid of Cx43 when the floxed allele is homozygous. Recombination in Cx43-positive cells occurred extensively in the cerebellum of *Cx43^fl/^*^+^:*S100b-Cre* mice (2 month old, *n* = 3), whereas less frequent recombination occurred in other brain areas (Figure [2](#F2){ref-type="fig"}B). Comparison of overall lacZ staining patterns between those two reporter mice indicated that the weak and/or unclear lacZ staining observed in *CAG-CAT-Z*:*S100b-Cre* mice corresponded to recombination in astrocytes. It was not clear, however, if cells with intensive lacZ staining in the cerebral cortex and cells with relatively strong lacZ staining in the dentate gyrus were astrocytes or other cell-types.

To further clarify the cell-types subjected to *S100b-Cre* mediated recombination, we performed immunohistochemical analysis of *CAG-CAT-Z*:*S100b-Cre* mice and *Cx43^fl/^*^+^:*S100b-Cre* mice (2 month old, *n* = 2 for each). The cells with weak and/or unclear β-galactosidase immunostaining in the cerebral cortex (Figure [3](#F3){ref-type="fig"}A) and hippocampal CA1-CA3 region (data not shown) of *CAG-CAT-Z*:*S100b-Cre* mice were a subpopulation of astrocytes that were positive for the astrocytic marker S100B and negative for the neuronal marker NeuN. In addition, excision occurred in a subpopulation of neurons (S100B negative and NeuN positive) in the cerebral cortex (Figure [3](#F3){ref-type="fig"}A) and deep cerebellar nuclei (data not shown). LacZ-positive cells in the hippocampal dentate gyrus comprised a subpopulation of astrocytes that were positive for the astrocytic marker S100B and negative for the neuronal marker NeuN (Figure [3](#F3){ref-type="fig"}B). The β-galactosidase immunoreactivity of the astrocytes was weak and/or unclear compared to that of neurons in *CAG-CAT-Z*:*S100b-Cre* mice.

![**Cell-type specificity of *S100b-Cre*-mediated recombination in *CAG-CAT-Z:S100b-Cre* mice**. ***(A--C)*** Double-immunofluorescence analysis of parasagittal sections from CAG-CAT-Z:S100b-Cre and CAG-Δ-Z (positive control) mice using antibodies directed to β-galactosidase (lacZ), S100B, and NeuN. Left column shows double-labeling of lacZ (green) and S100B (red), and right column shows double-labeling of lacZ (green) and NeuN (red). ***(A)*** In the cerebral cortex, lacZ immunoreactivity detected as granules (arrowheads in inserts) was localized in neurons (S100B negative and NeuN positive) in CAG-CAT-Z:S100b-Cre mice, which corresponds to the intensive lacZ staining forming a layer-like pattern in Figure [2](#F2){ref-type="fig"}A. In contrast, weak and/or unclear lacZ immunoreactivity (arrows in inserts) localizes in astrocytes (S100B-positive and NeuN-negative). LacZ localization both in neurons and astrocytes is less frequent in CAG-CAT-Z:S100b-Cre mice compared to that in CAG-Δ-Z. Each insert is a magnification of the area indicated by the small box in the same panel. ***(B)*** LacZ was coexpressed in astrocytes (S100B-positive and NeuN-negative) in the hippocampal dentate gyrus of CAG-CAT-Z:S100b-Cre mice. LacZ/S100B colocalization was less frequent in CAG-CAT-Z:S100b-Cre compared to that in CAG-Δ-Z. ***(C)*** LacZ immunoreactivity in the cerebellum of CAG-CAT-Z:S100b-Cre mice localized in astrocytes of the granule cell layer (gcl), Bergmann glial cells in the Purkinje cell layer (arrowheads), and Bergmann glial processes in the molecular layer (ml), all of which were S100B-positive and NeuN-negative. No recombination was detected in the cerebellar granule cells (S100B-negative and NeuN-positive) or Purkinje cells of CAG-CAT-Z:S100b-Cre mice, in contrast to detectable lacZ immunoreactivity in those cells in CAG-Δ-Z mice. Scale bars, 200 μm.](fnbeh-02-001-g003){#F3}

In the cerebellum, β-galactosidase immunoreactivity in *CAG-CAT-Z*:*S100b-Cre* mice was detected in astrocytes in the granule cell layer and Bergmann glial cells, both of which were S100B-positive and NeuN-negative (Figure [3](#F3){ref-type="fig"}C). Notably, we did not observe recombination in the cerebellar granule cells (S100B-negative and NeuN-positive) or Purkinje cells (S100B-negative) (Figure [3](#F3){ref-type="fig"}C). Immunohistochemical analysis of *Cx43^fl/^*^+^:*S100b-Cre* mice (Figure [4](#F4){ref-type="fig"}) revealed that nuclear β-galactosidase immunoreactivity was located in the cerebellar astrocytes in the granule cell layer, white matter, and deep cerebellar nuclei (data not shown), and Bergmann glial cells in the Purkinje cell layer, all of which were S100B-positive and NeuN-negative. β-galactosidase immunoreactivity in the other brain areas of *Cx43^fl/^*^+^:*S100b-Cre* mice was also restricted to astrocytes that were S100B-positive and NeuN-negative (data not shown).

![**Cell-type specificity of *S100b-Cre*-mediated recombination in the cerebellum of *Cx43^fl/^*^+^*:S100b-Cre* mice**. Double-immunofluorescence analysis of parasagittal sections of the cerebellum. Nuclear lacZ immunoreactivity colocalized with S100B and not with NeuN corresponding to Bergmann glial cell bodies (magnified in inserts) in the Purkinje cell layer (arrowheads) and astrocytes in the granule cell layer (gcl). ml, molecular layer; wm, white matter. Scale bars, 100 μm.](fnbeh-02-001-g004){#F4}

Based on our results obtained from lacZ staining and immunohistochemistry, *Cx43^fl/^*^+^:*S100b-Cre* mice were more suitable for detection of *S100b-Cre*-mediated recombination in astrocytes and Bergmann glial cells than *CAG-CAT-Z*:*S100b-Cre* mice. Thus, *Cx43^fl/^*^+^:*S100b-Cre* mice were used for further characterization of the *S100b-Cre* mice.

Postnatal onset of *S100b-Cre*-mediated deletion of *Cx43^fl^* allele in the cerebellum and an increased recombination frequency in Bergmann glial cells during their maturation
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we examined the onset of *S100b-Cre*-mediated recombination of the *Cx43^fl^* allele in the brain by lacZ staining in *Cx43^fl/^*^+^:*S100b-Cre* mice. We first observed a few lacZ-positive cells, presumably precursors of cerebellar astrocytes, in the cerebellum in one of the *Cx43^fl/^*^+^:*S100b-Cre* mice at P0 (*n* = 3, data not shown), and consistently found lacZ-positive cells in the cerebellum at P3, P5, and P7 with a gradual increase in number (data not shown). At P14 (*n* = 2), we observed some lacZ-positive cells in the Purkinje cell layer (Figure [5](#F5){ref-type="fig"}A) and the number of lacZ-positive cells in the Purkinje cell layer increased significantly by P21 (*n* = 2; Figure [5](#F5){ref-type="fig"}A), indicating that *S100b-Cre*-mediated excision in Bergmann glial cells proceeded during postnatal development of the cerebellum and glial cell maturation. Excision in most of the Bergmann glial cells was completed by P28 (*n* = 2; Figure [5](#F5){ref-type="fig"}A) as compared to the positive control *Cx43^del^* mice (*n* = 2). In contrast to the early postnatal onset and accelerated progress of the recombination observed in the cerebellum, we detected no lacZ-positive cells in other brain regions at P14, and only a few lacZ-positive cells in the cerebral cortex, hippocampus, and brainstem at P21 and P28 (data not shown).

![**Time course of *S100b-Cre*-mediated deletion of *Cx43^fl^* allele in the postnatal cerebellum**. ***(A)*** Cre-mediated recombination was assayed by whole mount lacZ staining of parasagittal brain slices from Cx43^fl/+^:S100b-Cre mice and positive control Cx43^del/+^ mice at P14, P21, and P28. No lacZ-positive cells were detected in negative control Cx43^fl/+^ mice at those stages (data not shown). Scale bar, 1 mm. ***(B)*** Immunofluorescence analysis of parasagittal sections of the cerebellum from 2-month-old Cx43^fl/+^:S100b-Cre mice and positive control Cx43^del/+^ mice using antibodies directed to β-galactosidase. β-galactosidase immunoreactivity was localized in the nucleus. Arrowheads indicate Purkinje cell layer. gcl, granule cell layer; ml, molecular layer; wm, white matter. Scale bars, 200 μm.](fnbeh-02-001-g005){#F5}

Immunohistochemical analysis indicated that virtually all Bergmann glial cells were lacZ-positive in 2-month-old *Cx43^fl/^*^+^:*S100b-Cre* mice (*n* = 2; Figure [5](#F5){ref-type="fig"}B). It seemed that the recombination frequency in astrocytes of the granule cell layer and white matter was lower than that observed in Bergmann glial cells during cerebellar development (Figure [5](#F5){ref-type="fig"}A). The tendency was the same in 2-month-old *Cx43^fl/^*^+^:*S100b-Cre* mice when compared to positive control *Cx43^del^* mice (*n* = 2; Figures [2](#F2){ref-type="fig"}B and [5](#F5){ref-type="fig"}B).

Significant reduction of Cx43 with no Cx30 upregulation in the cerebellum of *Cx43^fl/fl^:S100b-Cre* mice
---------------------------------------------------------------------------------------------------------

Generation of the *S100b-Cre* mice allowed us to study the role of Cx43 in the postnatal cerebellum, particularly in the Purkinje cell-Bergmann glia interaction in the cerebellar molecular layer. Thus, we generated *Cx43^fl/fl^*:*S100b-Cre* mice by crossing *Cx43^fl/fl^* or *Cx43^fl/^*^+^ mice with *Cx43^fl/^*^+^:*S100b-Cre* mice, and evaluated the extent of the loss of Cx43 in the adult cerebellum by immunohistochemistry (Figure [6](#F6){ref-type="fig"}A) and immunoblot analysis (Figure [6](#F6){ref-type="fig"}B) using antibodies directed to Cx43. In parasagittal sections, immunohistochemistry demonstrated that Cx43 was abundant in Bergmann glial cells and astrocytes of the granule cell layer in the wild-type (WT) mice (2.5 month old, *n* = 2), whereas Cx43 immunoreactivity was significantly decreased in the *Cx43^fl/fl^*:*S100b-Cre* cerebellum (2.5 month old, *n* = 2; Figure [6](#F6){ref-type="fig"}A). Consistent with a previous report (Theis et al., [@B57]), the amount of Cx43 protein was reduced in *Cx43^fl/fl^* cerebellum in immunohistochemistry (2.5 month old, *n* = 2; Figure [6](#F6){ref-type="fig"}A), and in immunoblot analyses (2.5--3 month old, *n* = 2; Figure [6](#F6){ref-type="fig"}B) to 29.0% and 33.6% (average: 31.3%) of WT (2.5--3 month old, *n* = 2) in 2 independent experiments using different mice. The same series of immunoblot analyses showed that Cx43 was reduced even more in *Cx43^fl/fl^*:*S100b-Cre* cerebellum (2.5--3 month old, *n* = 2) to 35.8% and 30.2% (average: 33.0%) of *Cx43^fl/fl^*. Thus, the amount of Cx43 in *Cx43^fl/fl^*:*S100b-Cre* cerebellum was reduced to approximately 10% of WT. The remaining immunoblot signals in *Cx43^fl/fl^*:*S100b-Cre* cerebellum were likely due to Cx43 expressed in blood vessels where *S100b-Cre*-mediated recombination did not occur (data not shown) and/or cerebellar astrocytes where recombination was incomplete (Figures [2](#F2){ref-type="fig"}B and [5](#F5){ref-type="fig"}B).

![**Extent of *S100b-Cre*-mediated loss of Cx43 and evaluation of compensatory Cx30 upregulation in *Cx43^fl/fl^:S100b-Cre* mice**. ***(A)*** Immunofluorescence analysis of parasagittal sections of the cerebellum from Cx43^+/+^ (WT), Cx43^fl/+^, Cx43^fl/fl^, and Cx43^fl/fl^:S100b-Cre mice (2.5 month old) using antibodies directed to Cx43. ***(B)*** Immunoblot analysis of cerebellar lysates from Cx43^+/+^, Cx43^fl/+^, Cx43^fl/fl^, and Cx43^fl/fl^:S100b-Cre mice (2.5--3 month old) using antibodies directed to Cx43 and Cx30. ***(C)*** Immunofluorescence analysis on parasagittal sections of the cerebellum from Cx43^+/+^, and Cx43^fl/fl^:S100b-Cre mice (2.5 month old) using antibodies directed to Cx30. Arrowheads indicate Purkinje cell layer. gcl, granule cell layer; ml, molecular layer; wm, white matter. Scale bars, 100 μm.](fnbeh-02-001-g006){#F6}

To assess the compensatory change in the expression of another major astrocytic connexin, Cx30, we performed immunohistochemistry and immunoblot analysis with antibodies directed to Cx30 (Figures [6](#F6){ref-type="fig"}B,C). Cx30 was expressed in Bergmann glial cells as well as in other cerebellar astrocytes in WT mice (2.5 month old, *n* = 2; Figure [6](#F6){ref-type="fig"}C), and Cx30 was not upregulated or significantly changed in expression level in the *Cx43^fl/fl^*:*S100b-Cre* cerebellum (2.5 month old, *n* = 2; Figures [6](#F6){ref-type="fig"}B,C).

Normal cytoarchitecture and impaired gap junctional coupling between Bergmann glial cells in *Cx43^fl/fl^:S100b-Cre* cerebellum
-------------------------------------------------------------------------------------------------------------------------------

The *Cx43^fl/fl^*:*S100b-Cre* mice were viable and did not display obvious behavioral abnormalities. Nissl staining of the adult brain showed no gross anatomic differences between WT and *Cx43^fl/fl^*:*S100b-Cre* mice (2.5 month old, *n* = 2 for each; Figure [7](#F7){ref-type="fig"}A). Bergmann glial cell processes in the *Cx43^fl/fl^*:*S100b-Cre* cerebellum labeled with anti-GFAP antibody showed no morphologic abnormalities (1.5 month old, *n* = 2; Figure [7](#F7){ref-type="fig"}B). There was also no difference in S100B immunoreactivity in Bergmann glial cells between WT and *Cx43^fl/fl^*:*S100b-Cre* cerebellum (1.5 month old, *n* = 2 for each, data not shown). Furthermore, we observed normal Purkinje cell dendrite branching in the *Cx43^fl/fl^*:*S100b-Cre* cerebellum with calbindin-D immunostaining (Figure [7](#F7){ref-type="fig"}B).

![**Histologic analysis of *Cx43^fl/fl^:S100b-Cre* cerebellum**. ***(A)*** Nissl-stained parasagittal sections of the cerebellum from Cx43^+/+^ (WT), CX43^fl/+^, Cx43^fl/fl^, and Cx43^fl/fl^:S100b-Cre mice (2.5 month old). There were no gross morphologic differences among genotypes. Scale bar, 1 mm. ***(B)*** Double immunofluorescence analysis for GFAP (green) and calbindin-D (red) of parasagittal sections of the cerebellum from Cx43^fl/+^ and Cx43^fl/fl^:S100b-Cre mice (1.5 month old). Arrowheads indicate Purkinje cell layer. gcl, granule cell layer; ml, molecular layer. Scale bars, 100 μm.](fnbeh-02-001-g007){#F7}

To investigate whether the loss of Cx43 in the Bergmann glial cells affected gap junctional coupling *in situ*, we assessed dye coupling by injecting Lucifer yellow, which readily passes through gap junctions (Müller et al., [@B42]), into a Bergmann glial cell body through a whole-cell patch-pipette (Figure [8](#F8){ref-type="fig"}). Visualization of Lucifer yellow-positive cells using a confocal scanner system revealed a significant reduction of intercellular coupling of Bergmann glial cells of *Cx43^fl/fl^*:*S100b-Cre* mice (3.5 month old, *n* = 2) as compared with those in *Cx43^fl/fl^* (3.5 month old, *n* = 2; Figures [8](#F8){ref-type="fig"}A,B). The extent of dye coupling in *Cx43^fl/fl^* mice was reduced compared to that of *Cx43^fl/^*^+^ mice (3.5 month old, *n* = 2; Figures [8](#F8){ref-type="fig"}A,B). It appeared that the extent of dye coupling reflected the amount of Cx43 in the cerebellum of those mice (Figure [6](#F6){ref-type="fig"}B). It should be noted that a marked decrease of Cx43 proteins in Bergmann glial cells of *Cx43^fl/fl^*:*S100b-Cre* mice was evident at P38 with immunohistochemistry (data not shown). The morphology of Bergmann glial processes in the *Cx43^fl/fl^*:*S100b-Cre* cerebellum visualized by Lucifer yellow showed no gross differences from those of WT (Figure [8](#F8){ref-type="fig"}A and data not shown).

![**Extent of Lucifer yellow coupling between Bergmann glial cells in *Cx43^fl/^*^+^, *Cx43^fl/fl^*, and *Cx43^fl/fl^:S100b-Cre* mice**. ***(A)*** Intercellular Lucifer yellow transfer in Bergmann glial cells in parasagittal cerebellar slices from Cx43^fl/+^, Cx43^fl/fl^, and Cx43^fl/fl^:S100b-Cre mice (3.5 month old) after Lucifer yellow injection into Bergmann glial cell somas. The asterisk indicates a dye-injected Bergmann glial cell body. Arrows indicate representative dye-coupled Bergmann glial cell bodies. ***(B)*** Dye-stained neighboring cells were counted when processes of injected cells were stained as shown in ***(A)*** (*n* = 8 for Cx43^fl/+^, *n* = 5 for Cx43^fl/fl^, and n = 6 for Cx43^fl/fl^:S100b-Cre. Data are represented as the mean + SEM. \*, *p* \< 0.05; \*\*, *p* \< 0.01 in ANOVA.](fnbeh-02-001-g008){#F8}

PF-PC transmission and cerebellar LTD induction and maintenance are not impaired in *Cx43^fl/fl^:S100b-Cre* mice
----------------------------------------------------------------------------------------------------------------

By postnatal day 25, cerebellar development, including neural migration, synaptogenesis, and differentiation of Bergmann glial cells into their characteristic adult form is completed (Bellamy, [@B5]). The maturation of Bergmann glial cells correlates with ensheathment of synapses on Purkinje cells (Yamada et al., [@B63]) and intensive gap junctional coupling between Bergmann glial processes (Müller et al., [@B42]). There are several studies illustrating that disruption of glutamate dynamics by inhibition of glial glutamate transporter function affects the time course, fidelity, and modulation of excitatory transmission to Purkinje cells (Marcaggi et al., [@B39]; Takayasu et al., [@B55]). It is also noteworthy that mice devoid of *Gfap*, which is expressed strongly in Bergmann glial cells and astrocytes in the WT cerebellum, have impaired cerebellar LTD and eyeblink conditioning (Shibuki et al., [@B52]), and glutamate transporter EAAT2 upregulation in the *Gfap* KO cerebellum may induce those impairments by facilitating rapid glutamate uptake (Hughes et al., [@B25]). Those reports in combination with the report by Iino et al. ([@B27]) indicate the importance of modulating glutamate uptake by Bergmann glia both in positive and negative directions.

To test if Cx43-mediated Bergmann glial gap junctions are involved in Purkinje cell synaptic plasticity via the regulation of glutamate uptake and/or other mechanisms, we analyzed the properties of basal synaptic transmission and cerebellar LTD in PF-PC synapses in the adult *Cx43^fl/fl^*:*S100b-Cre* cerebellum. First we stimulated parallel fibers in the middle molecular layer and recorded excitatory postsynaptic currents (EPSCs) from Purkinje cells. The mean ages of the mice were 35.1 days (ranging from P27 to P42) for the control *Cx43^fl/^*^+^ (*n* = 8) and 35.3 days (ranging from P26-43) for *Cx43^fl/fl^*:*S100b-Cre* (*n* = 8). There were no significant differences in the basal kinetic properties of PF-EPSC (10--90% rising time, 1.6 ± 0.2 and 1.3 ± 0.2 ms; *p* \> 0.2; decay time constant, 15.5 ± 2.0 and 15.6 ± 1.3 ms; *p* \> 0.9) between control (*n* = 8; Figure [9](#F9){ref-type="fig"}A) and *Cx43^fl/fl^*:*S100b-Cre* (*n* = 9; Figure [9](#F9){ref-type="fig"}B) cells. Also, relative amplitudes of basal PF-EPSC at later phases (at 25 ms, 33.6 ± 3.3 and 30.1 ± 3.0% of peak; *p* \> 0.4; 50 ms, 12.6 ± 1.3 and 11.1 ± 2.3%; *p* \> 0.5; 100 ms, 2.3 ± 0.6 and 2.4 ± 1.2%; *p* \> 0.9) were not different between control (Figure [9](#F9){ref-type="fig"}A) and *Cx43^fl/fl^*:*S100b-Cre* (Figure [9](#F9){ref-type="fig"}B) cells. To induce LTD of PF-EPSCs, we applied parallel fiber-stimuli and depolarizing pulses (140 ms, −70 to +10 mV) of Purkinje cell somata conjunctively at 1 Hz for 5 min (Koekkoek et al., [@B33]). The conjunction stimuli induced a significant decrease in the amplitude of PF-EPSCs in both control (Figures [9](#F9){ref-type="fig"}A,C; *p* \< 0.01) and *Cx43^fl/fl^*:*S100b-Cre* (Figures [9](#F9){ref-type="fig"}B,D; *p* \< 0.01) cells. The magnitude of LTD in the *Cx43^fl/fl^*:*S100b-Cre* cells measured during a 25 to 30-min period after conjunctive stimulation (63.9 ± 7.2%, 9 cells from 8 mice) were comparable with those in the control cells (65.1 ± 8.6%, 8 cells from 8 mice; *p* \> 0.8).

![**Basal PF-PC EPSC and LTD induction in control (*Cx43^fl/^*^+^) and *Cx43^fl/fl^:S100b-Cre* mice**. ***(A, B)*** A representative example of PF-EPSC before and after conjunctive stimulation in Cx43^fl/+^ ***(A)*** and Cx43^fl/fl^:S100b-Cre ***(B)*** mice. Six records are averaged. ***(C, D)*** PF-EPSC amplitude was plotted against time before and after conjunctive stimulation averaged for 8 cells from 8 Cx43^fl/+^ mice ***(C)*** or for 9 cells from 8 Cx43^fl/fl^:S100b-Cre mice ***(D)***. Each point represents the average of three successive responses acquired at 0.05 Hz for every minute. Bar indicates the period of conjunctive stimulation (CJ).](fnbeh-02-001-g009){#F9}

Behavioral analysis of *Cx43^fl/fl^:S100b-Cre* mice: Normal motor coordination and conditioned eyelid response
--------------------------------------------------------------------------------------------------------------

To study the motor behavior of *Cx43^fl/fl^*:*S100b-Cre* mice, we first performed an open field test with 2.5-month-old control *Cx43^fl/^*^+^ (*n* = 13) and *Cx43^fl/fl^*:*S100b-Cre* (*n* = 10) mice. There were no significant differences between the genotypes in either horizontally directed locomotor activity nor the time spent in the center of the open field (data not shown).

We then performed a rotarod test to determine whether motor coordination was normal in these mice. We trained 2.5-month-old control *Cx43^fl/^*^+^ (*n* = 14) and *Cx43^fl/fl^*:*S100b-Cre* (*n* = 11) mice over 5 days to balance on an accelerating rotating rod (Figure [10](#F10){ref-type="fig"}A). During the training, the latency of *Cx43^fl/fl^*:*S100b-Cre* mice to fall decreased slightly on the third day compared to that of control mice, but their performance improved on the fourth and fifth days (Figure [10](#F10){ref-type="fig"}A). There was no statistically significant difference in overall performance between the genotypes. There was no significant difference in the body weight of the mice used for the rotarod test (data not shown).

![**Behavioral analysis of control (*Cx43^fl/^*^+^) and *Cx43^fl/fl^:S100b-Cre* mice**. ***(A)*** Accelerating rotarod test. The mean (±SEM) time an animal remained on an accelerating rod (6--40 rpm) during training with 1 trial per day for 5 consecutive days. ***(B)*** Delay eyeblink conditioning. The mean (±SEM) CR percentage of Cx43^fl/+^ (*n* = 10) and Cx43^fl/fl^:S100b-Cre (*n* = 7) during acquisition (days 1--7), extinction (days 8--11), and relearning (days 12--13) sessions.](fnbeh-02-001-g010){#F10}

Delay eyeblink conditioning, in which the preceding CS and the US co-terminate, is a form of associative motor learning that has been well studied as a model for cerebellar-dependent learning (Christian and Thompson, [@B11]). Importantly, contributions of the cerebellar cortex and deep cerebellar nuclei are implicated in the delay eyeblink conditioning (Attwell et al., [@B3]; Christian and Thompson, [@B11]; Mauk and Buonomano, [@B40]). Thus, we next examined *Cx43^fl/fl^*:*S100b-Cre* mice for an impact of the loss of Cx43 in Bergmann glial cells (Figure [6](#F6){ref-type="fig"}A) and reduction of Cx43 in astrocytes in the deep cerebellar nuclei (data not shown) on delay eyeblink conditioning using 3 to 3.5-month-old control *Cx43^fl/^*^+^ (*n* = 10) and *Cx43^fl/fl^*:*S100b-Cre* (*n* = 7) mice. During eyeblink conditioning, a CS (tone 1kH, 352 ms, 83--85 dB) was paired with a periorbital shock (100ms, 100 Hz pulses) as a US. Both control and *Cx43^fl/fl^*:*S100b-Cre* mice exhibited an increased frequency of CRs during the 7 days training (Figure [10](#F10){ref-type="fig"}B). There were no statistically significant differences in acquisition, extinction, or relearning kinetics of the CR between control and *Cx43^fl/fl^*:*S100b-Cre* mice (Figure [10](#F10){ref-type="fig"}B).

Discussion
==========

Characteristics of *S100b-Cre* mice
-----------------------------------

In this study, we first generated an *S100b-Cre* transgenic line, which is suitable for analyzing Bergmann glial and astrocytic functions in the cerebellum in adult mice. Characterization of the *S100b-Cre* line indicated that the general Cre reporter strain *CAG-CAT-Z* was not efficient for detecting Cre-mediated recombination in astrocytes, as reported recently (Casper and McCarthy, [@B9]). Therefore, we did most of the analysis on astrocytes using the *Cx43^fl^* allele, which can be used to detect Cre-mediated recombination in astrocytes in addition to its ability to generate *Cx43* CKO (Theis et al., [@B57]).

When *S100b-Cre* was combined with the *Cx43^fl^* allele, the recombination efficiency of *S100b-Cre* was higher in the posterior regions of the brain, with the highest efficiency in the cerebellum (Figure [2](#F2){ref-type="fig"}B). This recombination pattern was highly reminiscent of the expression pattern of endogenous *S100b* during postnatal development (Landry et al., [@B35]) rather than that in adults (Allen Brain Atlas, <http://www.brain-map.org>). Importantly, the results obtained using the two reporter strains consistently indicated that *S100b-Cre*-mediated recombination in the cerebellum was restricted to Bergmann glial cells and astrocytes and did not occur in Purkinje cells or granule cells (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), with the exception of neuronal recombination detected in the cerebellar deep nuclei (data not shown). It is likely that the postnatal onset of *S100b-Cre*-mediated recombination in precursors of cerebellar astrocytes (Figure [5](#F5){ref-type="fig"} and data not shown) is the cause of efficient and cell type-specific recombination in cerebellar astrocytes and Bergmann glial cells in the adult cerebellum.

The temporal and spatial Cre-mediated recombination pattern induced by *S100b-Cre* reported here is in marked contrast to that of published *GFAP-Cre* lines using either the human or mouse *GFAP* promoter, in which Cre-mediated recombination occurs in neural progenitors of prenatal embryos resulting in widespread recombination in neurons and glial cells (Bajenaru et al., [@B4]; Casper and McCarthy, [@B9]; Garcia et al., [@B17]; Kwon et al., [@B34]; Zhuo et al., [@B65]). Thus, our *S100b-Cre* appears to be an ideal tool for studying glial function in the cerebellar molecular layer and/or granule cell layer in postnatal late developmental stages and adulthood in mice.

When we used *CAG-CAT-Z* as a reporter, recombination was observed in astrocytes as well as in a limited population of neurons with a layer-like distribution in the cerebral cortex (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Indeed, *S100b* mRNA is detected in the cerebral cortex in adults with a similar distribution pattern (Allen Brain Atlas, <http://www.brain-map.org>). Because S100B immunohistochemistry did not show S100B localization in neurons with a cortical layer-specific pattern (Figure [3](#F3){ref-type="fig"}A), our results may suggest post-transcriptional regulation of *S100b* gene products.

Significant contribution of Cx43 in gap junctional coupling between Bergmann glial cells
----------------------------------------------------------------------------------------

Previously, *Cx43* CKO mice using *hGFAP-Cre* (*Cx43^fl/fl^*:*hGFAP-Cre*) were generated independently by two groups (Theis et al., [@B57]; Wiencken-Barger et al., [@B62]). The report by Wiencken-Barger et al. ([@B62]) suggests that early onset of Cx43 disruption in the cerebellum may cause severe morphologic defects in a genetic background-dependent manner. In contrast, Theis et al. ([@B57]) reported no morphologic defects in the *Cx43^fl/fl^*:*hGFAP-Cre* mice. In both cases, Cx43 was lost essentially in all astrocytes, including Bergmann glial cells, because of the prenatal onset of *hGFAP-Cre* described above. In the present work, we generated *Cx43* CKO mice using the *S100b-Cre* transgenic line (*Cx43^fl/fl^*:*S100b-Cre*) to study the functional significance of Cx43-mediated gap junctional coupling between Bergmann glial cells in the adult brain. In the *Cx43^fl/fl^*:*S100b-Cre* mice, deletion of *Cx43^fl^* allele and loss of Cx43 occurred in most of the cerebellar astrocytes and in virtually all of the Bergmann glial cells in the cerebellar molecular layer in the adult brain (Figures [2](#F2){ref-type="fig"}B and [6](#F6){ref-type="fig"}A) with a postnatal onset (Figure [5](#F5){ref-type="fig"}A). *Cx43^fl/fl^*:*S100b-Cre* mice had normal cerebellar architecture, including normal morphology of both the Bergmann glial cells and Purkinje cells (Figures [7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}A), suggesting that Cx43 does not have a key role in the structural support of Bergmann glial cells and cerebellar astrocytes in the late cerebellar developmental stages and adulthood. This result is consistent with the observations in *Cx43^fl/fl^*:*hGFAP-Cre* mice by Theis et al. ([@B57]) and those on the C57BL/6J genetic background by Wiencken-Barger et al. ([@B62]).

We next investigated whether Bergmann glial gap junctional coupling is impaired in the adult cerebellum of *Cx43^fl/fl^*:*S100b-Cre* mice. Dye coupling experiments using Lucifer yellow indicated that Cx43 contributes significantly in Bergmann glial gap junctional coupling (Figure [8](#F8){ref-type="fig"}). The magnitude of Lucifer yellow dye coupling was closely associated with the amount of Cx43 protein, which we found mostly abolished in *Cx43^fl/fl^*:*S100b-Cre* by P38 (data not shown). We did not observe Cx30 upregulation in the cerebellum of *Cx43^fl/fl^*:*S100b-Cre* mice (Figures [6](#F6){ref-type="fig"}B,C) in line with the previous report on *Cx43^fl/fl^*:*hGFAP-Cre* mice (Theis et al., [@B57]). Although the loss of Cx43 was compensated by Cx30 upregulation in cerebral cortex of *Cx43^fl/fl^*:*hGFAP-Cre* mice (Theis et al., [@B57]) and the same compensatory mechanisms might occur in hippocampal astrocytes, this does not seem to be the case in Bergmann glial cells.

Cx43-mediated gap junctional coupling between Bergmann glial cells is not required in cerebellar LTD induction and maintenance, cerebellum-dependent motor coordination, or motor learning
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cx43 contributed significantly to Bergmann glial gap junctions, providing us a chance to study the requirement of Cx43-mediated gap junctional coupling between Bergmann glial cells in Purkinje cell-Bergmann glia interaction and cerebellar functions. Our electrophysiologic analyses suggest that Cx43-mediated gap junctional coupling between Bergmann glial cells is not essential for modulation of PF-PC synaptic transmission and cerebellar LTD induction and maintenance (Figure [9](#F9){ref-type="fig"}).

In the behavioral analyses, unlike *Cx43^fl/fl^*:*hGFAP-Cre* mice in previous studies (Frisch et al., [@B16]; Theis et al., [@B57]), the *Cx43^fl/fl^*:*S100b-Cre* mice did not have enhanced locomotor activity nor increased exploratory behavior in the open field test (data not shown), further suggesting limited *S100b-Cre*-mediated recombination of the *Cx43^fl^* allele in the forebrain of *Cx43^fl/fl^*:*S100b-Cre* mice (Figure [2](#F2){ref-type="fig"}B). Cerebellum-dependent behaviors, such as motor coordination and eyeblink conditioning, were not significantly impaired in *Cx43^fl/fl^*:*S100b-Cre* mice (Figure [10](#F10){ref-type="fig"}) in contrast to the impairment in rotarod performance of *Cx43^fl/fl^*:*hGFAP-Cre* mice (Frisch et al., [@B16]). The restricted nature of the *S100b-Cre*-mediated deletion might explain the lack of rotarod impairment in *Cx43^fl/fl^*:*S100b-Cre* mice, since it has been shown that striatal deficits can lead to impaired motor coordination (Blundell et al., [@B7]). Alternatively, compensation of motor deficits depending on the integrity of cortical brain regions (Mackel, [@B37]) might occur in *Cx43^fl/fl^*:*S100b-Cre* mice.

Multiple climbing fiber innervation of Purkinje cells, which can be caused by a failure of either developmentally regulated regression of supernumerary climbing fibers (Kano et al., [@B30], [@B31]; Offermanns et al., [@B44]) or glutamate clearance via Bergmann glial processes after monoinnervation is established (Iino et al., [@B27]), is strongly correlated with motor coordination deficits (Chen et al., [@B10]; Ichise et al., [@B26]; Offermanns et al., [@B44]). In contrast, cerebellar LTD in the cerebellar cortex is involved in the eyeblink conditioning circuit (Thompson et al., [@B58]). The deep cerebellar nuclei, where *S100b-Cre*-mediated recombination of *Cx43^fl^* was observed in the present study (data not shown), also contribute to the eyeblink conditioning circuit (Thompson et al., [@B58]). Thus, our data suggest that in adult mice Cx43-mediated gap junctional coupling between Bergmann glial cells is not required for glutamate uptake by Bergmann glial processes, and Cx43-mediated gap junctions between Bergmann glial cells, and more widely Cx43 in cerebellar astrocytes including Bergmann glial cells, does not have an essential role in the eyeblink conditioning motor learning circuit.

The question still remains whether other connexins expressed in Bergmann glial cells, Cx30 and Cx29 (Altevogt and Paul, [@B2]; Eiberger et al., [@B15]; Nagy et al., [@B43]), functionally compensate Cx43. Such compensation may occur at the level of either gap junction coupling or hemichannel activity (Ransom and Ye, [@B47]). We found that Cx30, which forms functional gap junction channel not permeable to Lucifer yellow (Manthey et al., [@B38]), is expressed in Bergmann glial cells of *Cx43^fl/fl^*:*S100b-Cre* mice (Figure [6](#F6){ref-type="fig"}C). The functional significance of those other connexins can be clarified by studying the consequences of their combined ablation in Bergmann glial cells using *Cx30*^−*/*−^, *Cx43^fl/fl^*:*S100b-Cre* mice or *Cx29*^−*/*−^, *Cx30*^−*/*−^, *Cx43^fl/fl^*:*S100b-Cre* mice.

Intriguingly, there are several lines of evidence indicating functional differences between Bergmann glial cells and cortical astrocytes. For example, the gap junction-dependent Ca^2+^ wave propagation reported in cortical astrocytes (Cotrina et al., [@B13]; Haas et al., [@B22]) is not observed in Bergmann glial cells. Instead, a Ca^2+^ increase in the Bergmann glial microdomains may lead to the closure of gap junctions, resulting in the electrical isolation of the microdomain while other domains remain coupled and can thus exchange metabolites and electrical signals (Kettenmann and Schipke, [@B32]; Müller et al., [@B42]). Although we do not know if the responses in Bergmann glial microdomains are changed by the lack of Cx43 in *Cx43^fl/fl^*:*S100b-Cre* mice, our data suggest that function of Bergmann glial microdomains retains independently of modulation of Cx43-mediated gap junctional coupling between Bergmann glial processes.
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